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2 BR T T2 & 48 (Global Navigation Satellite
System, GNSS) H A #4F ] 51, 32 S84 4 1 i 29 1
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25 b s e 1 S R MR R R 92 T L A/ D
AT G S 4 ff (empirical mode decomposi-
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JC k3K B e A 1 B R OR s EMD 23 5 R S TR &
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77 fi# (complete ensemble empirical mode decomposi-
tion with adaptive noise, CEEMDAN) & #H i t 1t %
VA I R A5 2 A X /N ORI R A AU B
IR W, TE J3 ik A5 31 Y AR I 455 25 eR R (intrinsic
mode function, IMF) F1 & 5 H B £ 4/ 70 &

AR 43 IS 4 % (variational mode decomposition,
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BT 1) B SE A BE (2 em) , B8 R 22k 56 b 4%
KL AE R i E A I B2/ T

(OF-3:37]

(a) TerE (b) 7KK
(a) Mud-brick floor  (b) Water area  (c) Reference station
1 B

Fig.1 Equipment arrangement
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(b) Cloud point map of water area
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Fig.2 Cloud point maps of horizontal direction
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Tab.1 RMS values in the horizontal direction

Y 3R 5% x/mm y/mm
Vet 1 4.351 3.572
7K 3 4.589 4.446
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2.1 VMDEIE K e

VMD B3k 1R 0 AE B AR

1. 38 3 %) 2% IMF # 47 Hilbert 42 4 35 45 AH N 1Y
TR

2. #5245 IMF 5 R 0 A9 B0 5 45 K AT 3fe , OF4E 4%
IME B H O A R AT ), A I B 78 21 kly | o

3. & T A O SR R R 45 S 09 % TMF
VAT, SR Ji 38 A AR 7 24 o R RO BT SR M, A 3 2

2} (1)

. i % —Jwt
min {Z 8{(6‘(1)—0— m) /)‘/e([):'e
st > ()= f(1)
At A WX e HEAT R G50 (¢) o B ARr Ik o bR K 5
K EAF B IMF 5 0, 045 IMF X R A H 0 4056 5« AR
TR« W8 R R () WIS 5
43I ATF I K bk 24 ) B 4K S T 24 9 )

2

'f(z)—zm(z) +<A(zf),f(z)—2m(t)> (2)

AP o TRAETT N T 54 Lagrange 87 () N
] 5 ] N AR
5. K 28 % J7 1) 5 e A ¥ LA B D BRBEAT 1%
X, 4 IMF [ 58 A1 v Ce 35058 4 7 6 A€ rp i 47 58
B AR (D) AR A R B A B 2k
55 UE VMD 553k 1 3 F Pk ik By B0 5
AT AL 5
x2,(2)=7 X sin (27 X 1.5¢)
x,(2)=9 X sin (2% X 3¢)
x;3(2)=11 X sin (2 X 5¢) (3)
2()=x,(t)+ 2, (2)+ x5(2)
X(t)=x(t)+n(r)

K x()FREFES ;X ()l 3T IEZFES M
WAL 75 70 (2 ) A I ERL 8, Gn 1 3 9T o

Xt 345 5 A i S2 i CEENDAN 5 VMD, 78
K HF AF5HAE 15,305 Hz =R, B b
VMD 4 it R %8 34 IMF . x5 5 5 4l 5 R
HATIRAL , VMD 73 fif 15 & B RS 405 CEEMDAN
H 2 4 i 15 2 A B S B W (9 4 IMF) |, ik
CEEMDAN 7=/ T 2 X MBS ¥ LA UE B
WA FE W IMFs A7 E 4L, i 4 pros , B 4 BoR
22 VMD #4515 5 5 5 86 4 A5 5 DL e B2 34
| FH 44 77 #1224 (root mean square error, RMSE) {E
9V AR A, RMSE {8 # /), 45T 5 15 5 &
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2,444 F11.877, % W VMD # tt CEEMDAN fig
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Fig. 3 The noise signal
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Fig.4 Recombined signals by different methods
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B (autocorrelation normalization function) F1 #H & £&
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#( (correlation coefficient) £ & X VMD 43 it 15 8] 1Y
IMFs #E£7 i 1% , Bl ACVMD
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Fig. 5 Autocorrelation normalization function
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WE 6 it , 15, 5t RIS #1797 22 VMD
G TR FE S TR S /N E AR Y
(B LA A2 B G B9 VMDD 40 it o SR U5, I E AH G R
B 6 28 B0 40 e 19 20 A9 IMF s F 47 07 2 , 14 B3
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Fig. 6 Signal analysis processes
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Fig. 7 Original signals with different noise levels
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# T CEEMDAN % H 8L 2 4y o i 4 1k 158
Wi {5 5 VMD 4 fif 155 25 %0 Ik T CEEMDAN 45 fif 1%
F 13 F 154 IMFs. VMD A [ 43 %577 A 594
SEARZEHMEWER 2R R 2T, Ry
Sk SR 9 B A 5 1 T 2 R 25 B Fe /N
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Tab.2 Mean value of signal recombination error for

different decomposition numbers of VMD

WA 5 e e e
SrfRg EAREME W EARZENME
3 1.9 < 10°° 6 6.9 10°*

4 6.0 < 10°* 7 5.9x10°"

5 11X 107" 8 2.7x10°"

6 4.6Xx10°° 9 2.1x10°"

7 3.7%x10°7 10 51x10°"

8 1.5X10°° 11 41%10°°
9 2.7x10° 12 3.0x10°

S HWifE 54 VMD 15 2| 1) IMFs M AH i 4%
IMF ) 3 A 6 H —fb R R . 45 A | 8(a) ~(b) Af
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(a) Bridge signal decomposed by VMD
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Fig.8 VMD decomposition and corresponding IMF auto-
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Kl 8(c) 45 IMF 5 J5 {5 5 (9 AH ¢ R L, 1 =4~ IMF
A0 2R B 2 9 M 0.749,0.482 F10.328, K T 0.3,
HAESE A C , T LA . Daubechies (dbN) 7]y I &
T TRAE S B RERE R db6 /)N i 50 5 18 53 51 %
Kl 8(a) B IMF3~IMF5, [ 8(c) ) IMF4~IMF11
HEAT 5 R A Y o B BE WS 1 IMFs 5 4R B
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L S e 2 (1
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(a) The signal of the bridge after noise reduction
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(b) The signal of the offshore platform after noise reduction

K9 PFEMIS(ES
Fig.9 Signals after noise reduction
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B, SNR 5 AH G 7 B (H 8K, 38 WY 05 M 00 2R Bk A2
KL RMF 3R . WRITATLIE ARSIk
) % e 46 Ar ¥ i T CEEMDAN-WT % . H 455
M 7 7K AH X R /N Bl ) VMD ZE AT 80 2> IMF
G A EO T T A

3.2 IEEMAEEEHE

AR YR MW X G2 Sk R R AL (R AR R )
HABME 10 iR, REGET 19914, & Eh
415.2 m, A R ar oA 3R M M B EE R
LA AME M BIAE I TR, AR K 36.5 m & i 4 /)N
%125 m, % 10 m B9 = B2 I — I, BEJE M 1.8 m
Wi AR 2 0.7 m A2 A5 P17 DR H A B 3 B R O, 4B
B RIEAOUZ IR 46 & S b,
W AR PH R AR it U S D R O R A B —

BN I = gl (1 | oy 117 e s QO AEE (T o
T 50 2% i B 148 RTK R YCHLPE I 88 3l (D1, D2
I D3) , 78 7K1 28 #% sl 3l 100 m Ab /) b T b g &
1 & RTK W HLYE R JE ko, & 11 fir s . RTK
FRER 1 Hz 32 7H 5 10 He, &5 Bk /0 157, it
5 R 2247 10 he
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(b) =S
(a) The mobile station (b) The reference station
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Fig.11 Field instrument layout

3.3 HiEREMRALIE

JRAT 38 “H SR 2 Wi 235 ) K o B 78 1 B E B2 A
2, 3 W S K SFT5 1w) CRE b R Y 1)) (9 062 7 72

x3 BELERILL
Tab.3 Comparison of noise reduction results
o B 15 5 T 15
SNR/dB RMSE/mm KR EL SNR/dB RMSE/mm B34
CEEMDAN-WT 25.737 4.075 0.971 9.179 2.445 0.937
ACVMD-WT 27.556 3.460 0.998 11.941 1.995 0.960
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2 4 Fr7s o D3 e i i g A6 5 1) 68 A1 A% 3 3h A
R T 2R P05 1) B A2 RS I 80, 1 D1 AT D2 WA I, H
D1 W5 W A0 R V6 J7 ) 59 0 A% B RH 8 BT
97.1847 mm,

x4 BEWSMB

Tab.4 Displacements of monitor points

B i #4675 17 /mm AP 5 1] /mm
D1 —30.6244~28.8285 —53.1727~97.1847
D2 —20.5179~29.5902 —47.3092~38.4979
D3 —38.1344~37.4552 —29.0875~35.6217

TEH D3 A F8 3 BCE HE AT 430, an i 12 i
7N o TEREN12 v, oK P J5 B9 AL 7R £40 mm N A8
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Fig. 12 The original signal
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Tab.5 The mean value of the signal recombination error

obtained by different VMD decomposition

numbers
3 it AR AR EYE
9 6.0xX10°°
10 2.8X10°°
11 45x10°*
12 4.4 %107
13 2.0x107°
14 4.1x10°*

15 2.9>x10°°

VMD 43 5 124 IMF s & 3, @i & 13(a) s .
SR XF 45 IME 2547 3 A 60 —fb R i .
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Fig. 13 Decomposition of the signal and autocorrelation

normalization of each IMF
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gy R A AR B R e R A oG & B0
IMFs 47 it — 20 i 4 , 45 SR 3R 6 iR .

FH 2 6 ] 1, 17 4~ IMF i 28wk, 5 WHY
M. J5 84 IMF ) R EUEY /N T 0.3, 57
{558 T3 AH G . 5L T 45 IMF A 3¢ R 50 3 48 ¢

PR 2545 43 BT L B IMF 1~IMF4 45 25 H] IMFs.
SR 5 R db6 /N 3K B (B 6 IMFS5~IMF 12 #6475 )2
A3 i W B JS K IMF 1~IMFE4 14 315 7Y IMFs
AT EAH,SEMES WL, R, X555 N7 A H
A IR B e A A ) NL, A& 14 B o

*6 BEIMFE5EESHXREH
Tab. 6 Correlation coefficient between each IMF and the

original signal

IMFs AR B IMFs HHOG ZBL
IMF1 0.794 IMF7 0.116
IMF2 0.484 IMF8 0.124
IMF3 0.380 IMF9 0.126
IMF4 0.334 IMF10 0.130
IMF5 0.174 IMF11 0.121
IMF6 0.128 IMF12 0.125
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Fig. 14 The recombined signal

R M i 14 52 A% R A TE £ 30 mm N, M EE R 12, R
EANAF A MR R (B2 ) ] S A5 B0 55 o [ B XA
SN AW 43 5] 347 EEMD, CEEMDAN 1 CEEM -
DAN-WT FMahb B 267 45 1 T A J7 i e 5 1Y
SNR,RMSE MAH X RZEE . WET7THALIE 1,
EEMD [ [ 54 2 i 22, CEEMDAN 1 CEEM-
DAN-WT [ % I 208 8 T EEMD. 1 ACVMD-
WT B 9 SNR 4> 51 4 13.354 #110.120 dB ; RMSE
439k 2.617 F12.363 mm , 4 T AT = Fh 5 1k 09I 5

B, AHOC R BUE AR R T =7 . R BIE AL
REAT 25 HI 55 e P, R BEOR B A 5 A A R

3.4 EESHHSN

X e i 1149 W {5 5 TR AT bR P 72 48745 3]

KT TRAFEBRBRER

Tab.7 Noise reduction results of different methods

i SNR/dB ~ RMSE/mm HAX R %

i i
N1 W1 NI W1 NI WI
EEMD 3.869 2.716 5.717 4.439 0.911 0.838
CEEMDAN  7.212 4.338 4.991 4.077 0.917 0.862
CEEMDAN-WT 10.496 7.482 3.570 3.096 0.959 0.923
ACVMD-WT 13.354 10.120 2.617 2.363 0.978 0.956
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Fig. 15 The power spectra of signals before and after noise

reduction
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Tab.8 Errors of relative frequency

N1 Wi A BRTT
BrEC g/ iR/ MR/ iR/ WR/ iR/
Hz % Hz % Hz %
1By 0.1583 0.189 0.1583 0.189 0.1586 —
2K 0.2308 2.578 0.2267 0.756 0.2250 —

3By 0.2875 4.054 0.2692 2.570 0.2763 —
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Fig. 16  The free decay signals of the y-direction
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Dynamic monitoring and modal analysis of the high-rise structure
by GNSS-RTK based on ACYMD-WT method

XIONG Chun-bao', WANG Meng', SHANG Zhi', SHI Qing-fa*
(1.School of Civil Engineering, Tianjin University, Tianjin 300350, China;
2.Tianjin Surveying and Hydrography Co., Ltd., Tianjin 300304, China)

Abstract: To evaluate the safety performance of the high-rise structure, GNSS-RTK technology is applied for the dynamic moni-
toring of Tianjin radio and television tower. The monitoring errors and noise are analyzed. An ACVMD-WT algorithm is proposed
based on variational modal decomposition (VMD) and wavelet threshold (WT). The simulation signal verifies that VMD has su-
perior signal reorganization ability than the complete ensemble empirical mode decomposition with adaptive noise (CEEMDAN).
The algorithm adopted is used to denoise the horizontal signals and obtain the structural modal parameters. The results show that
the water environment is prone to generate background noise, which adversely affects the monitoring result. The information com~-
ponents are selected effectively by ACVMD-W T mixed filter, and the signals before and after noise reduction have a strong correla-
tion. In contrast to the ensemble empirical mode decomposition (EEMD), CEEMDAN, and CEEMDAN-W T, the method used
has a better noise reduction effect. The first three-order frequencies and damping information of the structure are better captured
from the noise reduction signal, the relative error of the first-order frequency with the finite element analysis is 0.189%, and the
maximum value of the third-order frequency relative error is only 4.054 % , improving the recognition and accuracy of the modal fre-

quency.
Key words: high-rise structure ;modal analysis; GNSS-RTK ;denoising; ACVMD-WT
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